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sUrMMRY

A flight-weight radiative and actively cooled honeycomb sandwich panel
(RACP) was subje-ted to multiple cycles of both radiant and aerothermal heating
to evaluate its aerothermal performance. The 0.61-m (2 ft) by 1.22-m (4 ft)
test specimen incorporated the essential features of a full-scale 0.61-m (2 ft)
by 6.1-n (20 ft) RACP designed to withstand a uniform incident heat flux of
136 kM/r 2 (12 Dtu/ft 2 -sec). The test specimen consisted of Ren4 41 heat
shields backed by a thin layer of high-temperature insulation and an alumintm
honeycomb sandvicb parnel with half-round coolant tubes next to the sandwich
skin. A 60/40 mass solution of ethylene glycol/water was used to cool the RACP.
A total of 15 thermal tests, five of which combined radiant and aerothermal
heating segments, conducted in the Langley 8-foot high-temperature structures
tunnel subjected the RACP to representative environmental heating conditions at
a nominal free-stream Mach number of 6.6. The RACP successfully withstood a
total of 3.5 hr of radiant heating and 137 sec in the test stream and responded
to the radiant and aerothermal heating as predicted (i.e., the heat shields
reached 1080 K (19450 R) and the cooled panel reached a maximum temperature of
382 K (6870 R) midway between coolant tubes). Variation of the coolant inlet
temperature permitted simulation of the thermal performance for the full-scale
panel and indicated that the full-scale RACP would perform as expected. Post-
test examination of the cooled panel revealed no evidence of coolant leakage
and no evidence of hot-gas ingress which could seriously degrade the cooled-
panel thermal performance.

INMTROD.CTION

Actively cooled structural panels have been proposed to handle the sue-
tained severe thermal environment which will be encounterOd by future hydrogen-
fueled hypersonic cruise vehicles (refs. I to 4). Coupled to the heat sink of
the liqnid hydrogen fuel, active cooling allows the airframe structure to work
at relatively low temperatures so that conventional materials can be uei to
obtain long-lived structures. Ccoling of tbe engines and engine inlets, how-
ever, must receive top priority in design; therefore, uncertainty exists about
the vount of hydrogen heat sink available for airframe cooling. It is well-
known that raising the vehicle outer surface temperature to levels at which an
appreciable amount of the incident heat load is radiated back to the atmosphere
can substantially reduce the heat load which must be absorbed by the airframe
cooling system. Thus, combining a radiative thermal protection system with an
actively cooled structural panel permits adjustment of airframe cooling-system
heat loads to levels compatible with hydrogen flow requirements for the engines

and simultaneously allows maximum use of the available hydrogen heat-sink capac-
ity. As discussed in reference 5, the combined radiative and actively cooled
structure also reduces total system mass and provides other benefits, including
increased safety and reliability, toler4'ce of off-design conditions, and ease
of fabrication for the cooled panel.
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Tb assess the performance characteristics of a combined radiative and
actively cooled structural panel, a 0.61-m (2 ft) by i.22-m (4 ft) test specimen
was designed and fabricated under contract for tests in NASA facilities. The
radiative and actively cooled test panel (described in ref. 6) incorporates all
the essential features of a full-scale 0.61-m (2 ft) by 6.1-m (20 ft) panel
designed to withstand a uniform incident heat flux equivalent to 1 36 kW/N 2

(12 Btu/ft 2-sec) to a 422 K (7600 R) surface temperature. The test panel fea-
tures ccrrugation-stiffened, beaded-skin Reni 41 heat shields backed by a thin
layer of high-temperature insulation contained within a stainless-steel foil
package and an adhesively bonded aluminum ,hmeycomb sandwich structure with
half-round coolant tubes next to the sandwich skin. Frames representative of
typical transport construwtion support the panel at 0.61-r (2 ft) intervals.
The panel was subjected to 15 thermal tests, five of which combined radiant
and aerothermal heating test segments to represent environmental heating condi-
tions. All tests were conJucted in the Langley 8-foot high-temperature struc-
tures tunnel. For the aerothermal tests, the free-stream Mach number was 6.6
and the unit Reynolds number per meter was 4.7 x 106 (1.4 x 106 per foot).

Certain cmercial materials are identified in this paper to specify ade-
quately which materials were investigated in the research effort. In no case
does such identification imply recommendation or endorsement of the product by
NASA, nor does it imply that the materials are necessarily the only ones or the
best ones available for the purpcse. In many cases equivalent materials are
available and would probably produce equivalent results.

SYIMOIS

Values are given in both SI Units and U.S. Customary Units. The measure-
ments and calculations were made in U.S. Customary Units.

9 panel length, m (ft)

M Mach number

p pressure, Pa (psi)

q dynamic pressure, Pa (psi.)

heat flux, W/2 2 (Btu/ft 2-sec)

R unit Reynolds number, per meter (per foot)

T temperature, K (OR)

t time, sec

x,y panel coordinates, cm(in.) (see fig. 5)

angle of attack, deg (riee fig. 5)

differential pressure, positive inward, Pa (psi)
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free stream DIst spec al

APPARATU AND TESTS

Radiative and Actively Cooled Panel

Design criteria.- The design of the 0.61-m (2 ft) by 1.22-m (4 ft) test
panel was based on a full-scale 0.61-m (2 ft) by 6.1-m (20 ft) radiative and
actively cooled panel described in detail in reference 6. To ensure that the
panel was representative of hypersonic transport structure, it was designed
to avoid failure from crack propagation and fatigue, to avoid catastrophic
failure from loss of coolant supply, and to withstand the acoustical environ-
ment of hypersonic aircraft. The test specimen was designed to withstand a
uniform incident heat fl,-, equivalent to 1 36 kW/l 2 (12 Btu/ft2-sec) to a 422 K
(7600 R) surface temperature. The structure was designed to sustain cyclic
in-plane limit loading of ±210 kN/m (±1 200 lbf/in.) parallel to the 1.22-mr
(4 ft) edge, and a uniform panel limit lateral pressure of ±6.89 kPa (*1.0 psi).
Design life icr the structure was 10 000-hr exposure to maximum temperatures
and 20 000 cycles (5000 cycles with a scatter factor of four) to design limit
load and temperature without fatigue failure, without crack growth to a criti-
cal length in the skins, and without surface crack growth through the thickness
of the coolant paosage. A factor of safety of 1.5 was applied to in-plane
loads, coolant pressures, and aerodynamic pressures to obtain ultimate loads.
The panel was designed for any combination of limit loads and temperature with-
out yielding or significant permanent set and for any combination of ultimate
load and temperature without failure.

General description.- The radiative and actively cooled panel (RACP) eval-
uated in the present investigation was designed and fabricated under contract.
The test specimen consisted of five components: tw heat shields, tw) insu-
lation packages, and an actively cooled panel. Figure 1 shows three of the
components arranged to indicate the assembly sequence. The RACP features
corrugation-stiffened, beaded-skin Rene' 41 heat shields backed by a thin layer
of high-temperature insulation contained within a stainless-steel foil package
and by an adhesively bonded aluminum honeycomb sandwich structure with half- I
round coolant tubes next to the sandwich skin. Frames representative of typi-
cal transpoLt construction support the panel at 0.61-m (2 ft) intervals. The
test panel duplicates the essential features of the full-scale design except
that the coolant inlet and outlet manifolds located at the panel ends are only
1.22 m (4 ft) apart rather than 6.1 m (20 ft). The heat shield has a longitu-
dinal row of fasteners to simulate a splice and transverse slip joints to allow
thermal growth. The longitudinal splice was not necessary for the test panel
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but was included since the heat-shield design does require a limited number
of such splices.

Design details of heat shields and insulation packagis.- Figure 2 shows
some of the design details of the heat shields and insulation packages and also
indicates the heat-shield support and attachment scheme. The heat shields con-
sist of a 0.025-ca (0.010 in.) beaded outer skin and a 0.025-cm (0.010 in.) cor-
rugated inner skin spot-welded together. Pitch of the beads and corrugations is
5.08 c (2 in.). The crown in the beaded skin is 0.32 cm (0.123 In.)j the width
of the flats between beads is 2.03 cm (0.8 in.); end the height of the corru-
gation is 0.508 an (0.20 in.). The insulation package consists of 256 kg/m3
(16 lb/ft 3) Min-K insulation (manufactured by Johns-Manville Corporation)
0.32 ca (0.125 in.) thick, contained in 0.008-am (01.003 in.) and 0.003-am
(0.001 in.) stainless-steel foil on tho outer and inner surfaces, respectively.
Machined stainless-steel standoff posts integrated with the insulation packages
support the heat shia,.ds. Stainless-steel shoulder bolts are used to fasten
the heat shields and insulation packages to the cooled panel. The bolts pass
through the heat shields, standoff posts, and cooled panel and are retained by
plate nuts attached to the inner skin of the cooled panel. The shoulders on
the bolts provide a controlled gap to prevent clamping of the heat shields
and to allow longitudinal thermal expansion of the shields. At the transverse
joint, the upstream heat shield ov,-rlaps the downstream heat shield. Cutouts
in the corrugatiovs iind beads allow the upstream heat shield to r.)st on the
downstrram shield all along the transverse edge. Slotted holes in the flats
between corrugations are sized to accommodate thermal expansion of one-half of
each shield. The shields are restrained at midapan and permitted to grow in
each direction. Thermal growth in the transverse direction is absorbed by
growth of the beads and corrugations.

Design details of cooled panel.- As shown in figure 3, the cooled panel
is an aluminum honeycomb sandwich structure with half-round coolant tubes next
;o the outer skin. The coolant manifolds, tubes, and honeycomb core are adhe-
sively bonded to the inner and outer skins of the sandwich (figs. 3(a) and 3(b)).
The manifolds have dual chambers which provide uniform cooling across the panel
width. Coolant enters and exits the panel at the center line through the outer
manifold chamber. The manifold ends are cooled as the coolant turns the corners
at the manifold ends and flows into the second chamber, where it is distributed
into individual tubes. To provide close control on tube straightness and obtain
bond-line thicknesses nf less than 0.025 cm (0.010 in.), individual tubes were
brazed to small tabs which were then bonded to small pockets machined in the
manifolds (fig. 3(c)). Close control on the bond-line thickness was required
to maintain the high interface conduct3nce between the outer skin and coolant
tubes that is necessary to prevent 'he aluminum structure from exceeding the
design temperature of 422 K (7600 R).

Because of cost conniderztions, the test-panel manifolds were fabricated as
a three-piece weldment rather than an extrusion which would be used in produc-
tion. To provide proper alignment of the tube/tab assemblies with the manifolds
and to minimize adhesive leakage into flow passages during the bonding opera-
tion, small neoprene rods were inserted in the coolant passages through holesin the bottom of the manifolds (fig. 3(c)). After the assembly was bonded, the
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rods were removed and the manifolds sealed with plugs. Proof pressure checks

at 1.31 M41 (190 psi) and infrared scans on the completed assembly indicated
Li the test-panel coolant flow to be reasonably uniform with no leakage.

iLongitudinal and transverse splice plates 0.082-cm (0.032 in.) and
0.254-cm (0.10 in.) thick, respectively, are used to join adjacent panels
and transfer loads from one panel to another in a structural assembly
(fig. 3(a)). Both splice plates are mechanically fastened and adhesively
bonded to the cooled panel. The adhesive providen sufficient conductivity
to prevent the splice plates from exceeding the 422 K (7600 R) design twper-
ature, and since the adhesive has a low shear modulus, the fasteners were
designed to transfer all the loads.

Two methods were used to provide support for the fasteners and to prevent
crushing the aluminum honeycomb when installing the fasteners (fig. 3(a), sec-
tion A-A). In areas under the heat-shield standoff posts where high conduc-
tivity is needed to transfer heat, an alluinum bushing was used. Away from the
standoff posts, the honeycomb core was filled locally with a potting compound
that cuzed solid when the skins were bonded to the core. Additional deiails of
the test-panel design and fabrication are given in reference 6.

Cooling System

The sy-.z- shown in figure 4 was used to cool the MACP. The system con-
sists of a 19-kl (50u" ;.I) storage tank filled with a 60/40 mass solution of
ethylene glycol/water, circulatiz.- ptb,*os, flow-control valves, and a 47-kV
(13.5 ton) refrigeration unit which chilib the ethylene glycol mixture to 244 K
(4400 R). As shown in the figure 4 inset, independent pumping systems circu-
late the coolant from the storage tank through the test panel and refrigeration
unit. To accommodate test panels with dual (redundant) flow passages, two flow
loops are provided to the panel. Each loop is capable of flow rates up t%
379 liter/min (100 gal/mmn). with independent control of coolant pressure and
temperature at the test-panel inlet.

Panel Holder

Description.- The RACP was mounted in the panel holder illustrated in
figure 5. Details on the develotment of this test fixture are given ?.n refer-
ence 7. The panel holder has a sharp leading edge and a rectangular planform
141 cm (55.4 in.) wide by 300 cm (118 in.) long. The depth of the panel holder
is 30.5 cm (12 in.). Exterior surfaces are covered with 2.54 cm (1.0 in.) thick
Glasrockl foam tiles which protect the internal structure from the aerodynamic
heating produced in the wind tunnel. The panel holder is sting mounted at its
base for tests in the tunnel. Test panels are mounted in a rectangular cavity
108 cm (42.5 in.) wide by 152 cm (60 in.) long, located 102 cm (40 in.) down-
%tream from the leading edge. Aerodynamic fences along the panel-holder sides
provide two-dimensional flow over the test area, and a boundary-layer trip near

IGlasrock: Tradoname of Glasrock Products, Inc.
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the leading edge generates turbulent boundary-layer flcwe over the test-panel
surface. Surface pressures and aerodynamic heating rates over the test area
are varied by itching the ranel holder. Differential-pressure loading on the
test panel can be controlled by regulating the cavity pressure under the test
panel. Details of the differential-pressure control system aru describal in
reference 7.

RACP installation.- Since the RACP was smaller than the test cavity in the
panel holder, the closeout fixture shown in figure 6 was used to mount the RACP
in the panel holder. The closeout fixture was bolted to the walls of the test
cavity and consisted of 2.54-cm (1.0 in.) thick insulation blocka bonded to an
aluminum-frame substructure. Same detail3 of the RACP installation in the

cloaeout fairing are shown in figure 7. Section A-A shows the otainlese-steel
forward fairing used to transition from the panel-holder surface to the MACP
surface. The fixture was flush with the panel-holder surface and extended over
and mated with the contour of the beaded heat shield. Insulation blocks covered
with two layers of silica cloth insulation to minimize airflow into the thermal
stress relief slots also provided additional support to the forward fairing.
The forward fairing was fastened to the upetrew wall of the test cavity with
0.24-(= (3/32 in.) diameter bolts.

Section B-B shows the interface between the longitudinal edge of the RhCP

and the closeout fixture. Rene 41 side fairings were attached to the heat
shields and supported by lips on the insulation blocks and slotted L-shaped
stainless-steel aide retainers which were bolted to the aluinum support beams.
Insulator strips isolated the side fairings from the side retainers to reduce
thermal gradients in the side fairings.

The transition between the heat-shield beaded skin and the aft end of the
closeout fixture is shown in section C-C of figure 7. The flats on the beaded
skin of the heat shield were at the same level as the leading edge of the
tapered insulation block. The flat stainlsas-steel aft fairing was sandwiched
between the standoff posts and heat-shield skin. This arrangement left the
crown portion of the beaded skin open and provided venting to relieve pressure
behind the heat shield during wind-tunnel starting transients.

The RACP assembly was further secured by bolting the oooled-panel trans-
verse support beams to the steel channel mounting beams (fig. 5), which, in
turn, were bolted to the test-cavity leading- and trailing-edge walls. Metal
shims were used to position the entire assembly so that the edges of the close-
out fixture were flush with the panel-holder surface. In figure 8, the MACP is
shown installed in the panel holder in the test chamber of the wind tunnel.

S~Ins trumentation

The RACP was instrumented with thermocouples and pressure gages. Thermo-

couple locations are shown in figure 9, and pressure orifice locations are shown
in figure 1 0. A total of 78 chromal-almuel thermocouples were used to monitor
temperatures on the RACP components: 28 on the heat shields, 10 on the insula-
tion packages, and 40 over the surfaces of the cooled ranel. Surface pressures
were measured at two locations, and test-cavity pressures were measured at four
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K I
locations ',der the RACP as shown in figure 10. All pressure measu•'emnts were
obtained using 0.15-cm (0.06 in., inside diameter stainless-steel orifice tub-
ing connected to str.in-gage preseure transducers located in the cavity under
the RACP to avoid exposure to high temperatures. Additionally, thermooouples
and pressure gages were located at the coolant inlet and outlet ports, and a
turbine flow meter was located in the flow circuit to monitor these important
flow parameters during the tests.

The thermooouple Iunctures on the heat-shield surface were formed by spot-
, welding the leads to the surface approximately 0.08 c (0.03 in.) apart. On

the insulation package surfaces, the thermocouple leads were spot-welded to
small metal tabs which were then spot-welded to the insulation foil cover. To
avoid possible crack starters from welding or peening, thermocouple junctures
for the cooled panel were formed by weldinq tht leads together to form a small
bead and than bonding the thermooouplea to the aluminum panel surfaces.

Besides the use of thermocouples, detailed coverage, of the hear-shield
surface temperatures during aerodynamic heating was obtained using an infrared
radiometer system sikailar to that described in reference 8. The radiometer was
located outside the test stream about 208 on (82 in.) above the heat shield and
scanned a 97-cm (38 in.) square as shown in figure 11. This area was surveyed
by 1600 scan lines/sec and required 1/16 sec for a complete scan.

High-speed motion-picture camerAs were %wed for photographing the RACP
during wind-tunnel tests. The movie-camera locations are shown in figure 11.
Still photography was used to record the RACP appearance between tests as
required throughott the test series.

Test Facility

The tests were conducted in the Langley 8-foot high-temperature structures
tunnel shown schematically in figure 12(a). This facility is a hypersonic blow-
down wind tunnel that operates at a nominal Mach number of 7, at total pressures
between 4.1 and 24.1 MPa (600 and 3500 psia), and at nominal total temperatures
between 1390 and 2000 K (25C0° and 36000 R). Corresponding free-stream Re~nolds
numbers are between I x 106 and 10 x 106 per meter (0.3 x 106 and 3.0 x 10 per
foot). Within the operating envelope bounded by these conditions, the aerody-
nammic presstwes and heating rates encountered in flight at A4ach 7 in the alti-
tude range between 24 and 40 km (80 000 and 130 000 ft) are obtained. Other

* details on this test facility are reported in reference 7.

The test model is initially stored in a pod below the test stream
* (fig. 12(b)) to protect it from adverse tunnel start-up transients and acoustic

loads. The model is covered with acoustic baffles (figs. 12(b) and 12(c)) until
Sthe desired hypersoni c flow conditions are established. The baffles are then

ret:acted and the model rapidly inserted into the stream on a hydraulicallr,
actuated elevator capable of traveling the 2.1 a (7 ft) to the center of the
stream in approximately 1 3ec. A model pitch system provides a range of angles
of attack of -200 to 200. Before tunnel shutdown, the mode] is withdrawn from
the stream and covered wtth the acoustic baffles. The baffles attenuate the
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acoustic energy from approximately 8 to 1 2 dO over the range of combustor
pressure. Other details of the acoustic baffles are given in reference 7.

A beater system was used for both the static radiant tests and as a pre-
heater for the aerothermal tests. The heater system consisted of quarts-lamp
Ladiators mounted inside the acoustic-baffle boxes (fig. 12(b)). The radiant
lamps were powered by an ignitron tube power supply and were controlled by a
closed-loop servo system to give the de-ired temperature histories. Surface
temperatures above 1 255 K (22600 R) car be obtained using the preieat system.
A more detailed discussion of the preheat system is given in reference 7.

Tests

To assess the thermal and aerothermal performance of the RACP, it wma
subjected to repeated radiant heating thermal tests and radiant-preheat aero-
thermal tests (designated aerothermal tests), with temperatu•ce histories aim-
ilar to thosa shown in figure 1 3. For both the radiant heating theLmal and
aerothermal tests, the coolant flow circulation system was started and the
*systpe adjusted until the desired values for coolant inlet temperature and
pressure and flow rate were obtained. The radiant lamps were then used to
heat the RACP at 2.8 K/sec (50 R/sea) until the heat shields reached approxi-
mately 1060 K (19100 R). For the radiant heating thermal tests (fig. 13(a)),
the heat-shield temperature was held at approximately 1 060 K (1 91 00 R) for
periods of 80 to 5016 sec to allow the RACP to reach thermal equilibrium; to
terminate a test, the surface was allowed to cool at 2.8 K/sec (50 R/sec)
until natu1rai cooling occurred at a lower rate. For the aerothermal test
(fig. 13(b)), the heat-shield temperature was held at approximately 1060 K
(191 00 R) ,ntil the RACP reached thermal equilibrium. The tunnel was then
started and after flow was established (note change in time scale), the heat-
ers were retracted and the RACP injected into the stream. About 1 5 sec
elapsed from the time the heaters were retracted until the RMCP entered the.
stream and was pitched to the desired angle of attack. During this process,
the heat shields cooled to about 950 K (1 71 00 R). Aerodynamic heating pro-
vided by the stream rapidly reheated the heat shields to about 1090 K (19600 R).
However, because of the short run time and lag in thermal response of the cooled
panel provided by the irsulation, the cooled panel did not recover to its ini-
tial equilibrium temperature. At the end of the tunnel run, the RACI was
retracted from the stream and covered by the lamps and acoustic baffles, the
tunnel was shut down, and the heaters were used to control the RACP cooling
rato.

Data Acquisition

During thermal tests and preheating for tunnel tests, thermocouple and
strain-gage outputs w:re recorded at 2-sec intervals. During the aerothermal
portion of the tests, thermocouple and pressure-transducer outputs were
recorded at a sampling rate of 20/sec. Analytical quantities reported herein
for the wind-tunnel tests are based on the thermal, transport, and flow proper-
tiee of the combustion products test medium as determined froi reference 9.
Results from tunnel-stream survey tests (ref. 10) were used to determine free-
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stream conditions in the test section from referenoe measurements in the aom-
bustion chamber. Local Harch number and flow conditions were obtained from
oblique-shock relations.

RESULTS AND DISMItSSION

Summary of Panel Teets

The RACP was subjected to a total of 1 5 thermal cycleal of these, 10 were
radiantly heated thermal tests and 5 were aerothermal tests with radiant pre-
heat. A test summary is given in table I. The order of testing, nominal heat-
shield surface temperature time at pWak surface temperature, coolant inlet
and outlet temperature, ncm.inal coolant flow rate, and absorbed heat flux are
included in the table. All the tests were conducted at a nominal coolant flow
rate of 13 R./min (3.4 gal/min). In the tests, the nominal heat-shield surface
temperature ranged from 101 2 K (18210 R) to 11 03 K (19860 R), and the ooolant
inlet temperature was varied from 27) K (5020 R) to 333 K (6000 R). During the
test program, the RACP was exposed to e.evated heat-shield temperatures for
3.5 hr and to the Mach 6.6 stream for 137 sec. Figure 14 contains a summary
of the nominal heat-shield surface temperature and coolant inlet temperature
histories for each test. Free-stream and local aerothermal test conditions,
differential pressure across the RACP, unit Reynolds number, and calculated
incident cold-wall heat flux are summarized in table II. These tests imposed
inward acting differential pressures of approximately 2 kPa (0.3 psi) and a
nominal heat flux of 136 kl'/m 2 (12 Btu/ft -sec) on the RACP.

RACP Thermal and Aerothermal Performance

Typical longitudinal temperature distriboitions from both radiant and aero-
thermal heating of the RACP (test 14) are shown in figure 15. The measured
temperatures are compared with analytical temperatures presented in reference 6.
The predicted temperatures for the heat shields are for the flats between the
beads and the bottom of the corrugations. The predicted temperatures for the
cooled panel are for the outer skin midway between the coolant tubes and for
regions adjacent to fasteners which penetrate the cooled panel. Both the radi-
ant and aerothermal heating of the RACP produce similar results, except that
the time of exposure in the wind tunnel was not sufficient to bring the cooled
panel back to equilibrium temperatu:es. The good agreement between the measure•d
and analytical temperatures indicates that the RACP peruormed as expected, and
the good agreement between the radiant and aerothet..aal heating results indicates
that the slip joint between the heat shields prevented hot-gas ingress to the
cooled panel which could seriously degrade the R',CP thermal performance. The
mismatch between temperatures on the insulation inner surface and the cooled
panel probitbly results frum a gap between the i •ulation and panel caused by
instrumentation leads. In fact, the problem apý -ars to worsen near the outlet
end of the panel where the number of instrument.,tion leads ir largest.

"A temperature distribution through an RACP cross section is shown in fig-
ure 16 (test 14 radiant preheat). This figure indicates that the major tem-
perature drop from the heat-shield temperature of 1 065 K (1 91 80 R) to the
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cooled-panel surface temperatare of 370 K (4470 R) occurs acoes the 0.32-cm
(0.125 in.) thick insulation layar. The figure also shows that the inn,,r skin
of the cooled panel is operating about 18 K (320 t) cooler then the outer stv-
face. Analytical predictions in reference 6 indicate only about a 5 K (100 t)
ttuperature difference between the inner and outer cooled-panel surfaces. no-
ever, the results in referenop 6 were obtained for an adiabat!c (no heat loss)
inner surface. In reality, the inner skin loses saem heat to its surrounding',
and the 18 K (320 R) temperature difference is not consideret -xceasive.

A temperature contour plot from the infrered scanner is shown in figure 17
for the forward heat shield (test 1 5). The figure indicates that the heat-
shield fasteners reach temperatures that are at least 25 K (45O R) hotter than
surrounding areas of the heat shields. Similar results were obtained for same
heat-shield tests reported in reference 11. Kmny of the expoeed fasteners
penetrate the cooled panel and thus provide a direct heat path (Oheat short)[

to the interior of the cooled panel. The design of the RAt• included the
effects of such heat shortsi however, the short duration of the aerothemal
tests prevented experimental assessment of the heat short problem.

Full-Scale Panel Simulation

One of the objectives of the RACP test progrem was to simulate the ther-
mal performance of a full-scale 0.61- (2 ft) by 6.1-s (20 ft) rAdiative and
actively cooled panel. However, the 1.22-m (4 ft) test panel differs from the
full-scale panel in two major respects: the insulation layer thickness !.a
0.32 cm (0.125 in.) rather than 0.38 cm (0.15 in.), and the panel length is
1.22 m (4 ft) rather than 6.1 a (20 ft). For the sme temperatures in the
test panel and the full-scale panel, the effect of the thinner insulation is
to allow more heat to penetrate through to the cooled panel so that the cooled
test panel must absorb 10.9 kW/A 2 (0.96 Btu/ft 2 -aec) rather than the design
value of 9.1 kW/2 2 (0.8 Btu/ft2-sec). Since the heat-transfer ooefficient
inside the coolant tubes, however, is inversely proportional to the panel
length (ref. 6), the heat-transfer coefficients in the test panel are larger
than those in the full-scale panell therefore, the test panel absorb@ heat
more efficiently than the full-scale panel.

The thinner insulation and larger heat-transfer coefficients have opposite
effects on the test-panel performance compared with the full-scale panel per-
Lormance. The thinner insulation requires a larger teat-panel coolant temperam-
ture rise than for the full-scale panel. The larger heat-transfer coefficients
for the test panel result in a lower test-panel coolant temperature rise than
for the full-scale panel. Although the two effects partially offset each other,
the effect of the larger heat-transfer coefficients for the test panel is much
greater than the effect of the thinner insulation. Thus, to properly simulate
cooled-panel temperature for the full-scale panel, it was necessary to vary
the test-panel coolant inlet temperature. Figure 1 8 shows test-panel tempera-
ture response as a function of coolant inlet temperature. The coolant outlet
temperature and the temperature along the panel center line midway between
cooling tubes at two locations (one 15. 2 an (6 in.) from the coolant inlet and
the other 15.2 cm (6 in.) from the coolant outlet) are shown. Analytical pre-
dictions from reference 6 are shown for cauparison. The measured and predicted
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temperatures agree vry well and indicate that by varying the coolant inlet
temperature from 283 K (5100 a) to 333 K (6000 R), cooled-panel temperatures
ranging from 323 K (5620 R) to 384 K (6920 R) ca. be obtained.

Simulated full-scale cooled-panel temperatures are compared with analyti-
cal predictions from reference 6 in figure 19, where RACP center-line tampera-
tures midway between coolant tubes are shown as a function of panel length.
The predicted test-panel coolant t•uperature curve was obtained by adjusting
the temperature difference between the predicted fuli-scale cooled-panel tem-
perature and the predicted full-scale 3oolant temperature by the ratio of the
heat-transfer coefficient in the full-scale panel to the heat-transfer coeffi-
cient in the test panel. The test data were plotted by locating the coolant
inlet temperature on the predicted test-panel coolant temperature curve and
then plotting cooled-panel temperatures and coolant outlet temperature as a
function of test-panel length from that point. To eliminate flow entry and

heat short effects, only cooled-panel temperatures in the last 0.6 m (2 ft)
of the test panel away from fasteners are shown. Both the coolant and cooled-
panel measured teaper3ture" agree very well with analytical predictions. The
good aqkeement between measured and predicted temperatures indicates that the
1.22-a (4 ft) test panel can be used to simulate the thermal performance of the
6.1-m (20 ft) full-scale RACP and that the full-scale RACP can be expected to
meet its thermal performance design goals.

MACP Posttest Condition

Except for scme slight discoloration over the neat-shield surfaces and
oxidation on the stainless-steel foil enclosing the insulation, the RACP was
in excellent condition at the conclusion of the test series. Figure 20 shows
the poettest coo ditton of the heat shields. The light-shaded rub marks at the
center slip joirnt indicate that the heat shields moved about 0.6 cm (0.25 in.)
when heated to t,'st temperatures. This value is consistent with calculated
values for the 790 K (14200 R) temperature change from ambient conditions.
Additionally, there was no evidence of binding at the joints or buckling of
the heat-shield skins.

The PACP was easily disassembled after the test series for visual inspec-
tion of the insulation packages and the outer surface of the cooled panel. The
inspection revealed no evidence of failure of any component parts. The post-
test condition of the insulation p:ckages is shown in figure 21. The stainless-
steel foil covering for the insulation next to the hot heat-shield surface
showed some mild oxidation, but the insulation package remained completely
intact and showed no other signs of deterioration. The appearance of the
cooled panel after the test series was virtually unchanged, and there were no
signs of either hot-gas ingress to the cioled-panel outer surface or coolant
leakage as a result of the tests.

CML.JUDING REMARKS

A flight-weight radiative and actively cooled honeycomb sandwich struc-
tural panel (RACP) applicable to hydrogen-fueled hypersonic aircraft was
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subjtcted to multiple cycles of both radiant and aerothermal heating to evalu-
ate its aerothermal performance. The 0.61-m (2 ft) by 1.22-m (4 ft) test spec-
imen was designed and fabricated under contract for tests in NASA facilities.
The test panel incorporated all the essential features of a full-scale 0.61-m
(2 ft) by 6.1-m (20 ft) radiative and actively cooled panel designed to with-
stand a uniform incident heat flux equivalent to 136 kW/m 2 (12 Btu/ft 2 -sec) to
a 422 K (7600 R) surface temperature. The test specimen featured corrugation-
stiffened, beaded-skin Rene 41 heat shields backed by a thin layer of high-
temperature insulation contained within a stainless-steel foil package and an
adhesively bonded aluminum honeycomb sandwich structure with half-round coolant
tubes next to the sandwich skin. A 60/4% mass solution of ethylene glycol/water
was used to cool the RACP. Frames representative of typical transport aircraft
construction supported the panel at 0.61-m (2 ft) intervals. The RACP was sub-
jected to ' 5 thermal tests, five of which combined radiant and aerothermal test
segments to represent environmental heating conditions. All aerothernal tests
were conducted in the Langley 8-foot high-temperature structures tunnel at a
nominal free-stream Mach number of 6.6. The RACP was heated by radiant lamps
for a total of 3.5 hr at a surface temperature of approximately 1060 K (1 9100 R)
and was tested in the stream for a total of 137 sec.

The tests revealed that the RACP responded to radiant and aerothermal
heating as predicted: the heat shields reached 1080 K (1945r, R), the cooled
panel reached a maximum temperature of 382 K (6870 R) midway between coolant
tubes, and the cooled-panel absorbed heat flux ranged from 9.4 kW/m 2

(0.83 Btu/ft 2-sec) to 11.9 kW/m 2 (1.05 Btu/ft 2-sec). Variation of the test-
panel coolant inlet temperature permitted simulation of the thermal performance
for the full-scale 0.61-m (2 ft) by 6.1-m (20 ft) radiative and actively cooled
panel and indicated that the full-scale RACP can be expected to meet its thermal
performance design goals. Posttest examination of the cooled panel revealed no
evidence of either coolant leakage or hot-gas ingress to the cooled panel which
could seriously degrade its thermal performance.

Langley Research Center
Naticnal Aeronautics and Space Administration
Hampton, VA 23665
November 20, 1979
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Boun%ý-ryy-layer trip of 0.24 (0.094) diameter spheres

GlasrOck surface

Thermal .protection- system test area

7.6 (3.0) steel chmmel mounting beams

108 101
(42.5) - -" -- (42.5) (55.4)

________-__________

1152 (60) Differential-
2300 (118) pressure

control boxes

(a) Planviev without test panel.

Vent door

Flow

/ Aerodynamic fence Fill door

Leading edge Back surface-

(b) Longitudinal cross ection.

Figure 5.- Details of panel holder. (Dimensions are in cm (in.).)
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,Closeout fixture

//-Beaded Aft fairing
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Innsulation block
Act iHeay s iesld to

cooledd panel

LI support plate

Lre 'Support frame Fairing retainer

holder

Section A-A Section B-B
forward fairing side f airing

Aft faiving

Insulation block

Closeout fixture

Heat shield support plate

Actively -

cooled panel

Support 1frame

I Section c-c
aft fairing

Figure 7.- Details of wind-tunnel closeout fixture.
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"______- o Thermocouple

-- ., .... .on corrugated
, _-s - skin

(a) Heat shields.

+ Thermocouple
on outer and

inner skins

-- ---- iI1 -, - -..

(b) Insulation packages..

04

e Thermocouple
on outer skin

only

+ Thermocouple
- -- , --- on outer and

inner skins

* 0

(c) Cooled panel.

Figure 9.- RACP thermocouple layout.
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Free convective cooling

Radiant heating

1060 K
(19100R) -_, . .

Temperature

-'----- 2.8 K (5°R)sec-'ý.. ..iii iB m in

Time

(a) Thermal cycle by radiant heating.

Controlled
Aerothermal heating cooling

Radiant heating *-Free
convective

1060 K cooling
(1910 0 R)

Temperature

Typically--- Typically
400 to 600 sec 20 to 40 sec

2.8 K (5 0 R)/sec

Time

(b) Radiant-preheat aerothermal exposure.

Figure 13.- Typical surface temperature histories.
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1200 J

- Predicted heat-shield
temperatures (ref. 6)

2000

1000-
Measured temperatures

Aero-
thermal Radiant

0 0 Heat shield
0 0 Insulation outer

* Insulation inner 1500
A A Cooled panel between tubes

800 0 Coolant

T, K T, R

600-

1000

Predicted cooled panel

400-

500

S0

0 0.5 1O

x/I

Pigure 15.- Comparison of longitudinal temperature distributions from
aerothermuaa and radiant heating for MACP (tetrt 14).
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T, K (R)

1065 (1918)

1025 (1845) *
512 (923)

352 (635)

Figure 16.- Typical temperatures through radiative and actively cooled
panel near panel exit (test 14 radiant preheat).
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